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The  through-plane  thermal  conductivity  of  artificially  aged  SGL  Porous  Transport  Layers,  PTLs,  are 
measured  and  reported.  NMR  measurements  of  PTFE  content  and  water/PTL  contact  angles  are  also 
reported.  The  PTLs  were  artificially  aged  in  air  rich  water  at  80  °C  for  0,  200,  400,  600,  800,  and  1000  h. 

For  the  dry  samples,  it  was  found  that  the  through-plane  thermal  conductivity  did  not  change 
significantly  in  response  to  the  ageing  treatment.  For  the  samples  containing  water,  the  through-plane 
thermal  conductivity  increased  by  a  factor  of  two  to  three  and  the  more  aged  samples  had  the  highest 
thermal  conductivities. 

The  through-plane  thermal  conductivity  of  dry  PTLs  is  known  to  decrease  with  increasing  PTFE 
content,  which  was  also  seen  in  this  study.  The  chosen  ageing  procedure  is  known  to  wash  PTFE  from  the 
PTL,  and  this  verified  using  NMR.  Water-PTL  contact  angle  measurements  also  demonstrate  that  the  PTL 
becomes  less  hydrophobic  with  ageing.  This  coincides  with  the  increase  in  the  through-plane  thermal 
conductivity.  Because  the  dry  PTL  retains  its  thermal  conductivity  while  the  PTFE  content  decreases  we 
suggest  that  the  PTFE  remains  in  the  fibre  to  fibre  contact  region  and  is  removed  predominantly 
elsewhere. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  low  temperature  Polymer  Electrolyte  Fuel  Cell,  PEFC,* 1  can 
convert  the  chemical  free  energy  of  the  hydrogen  oxygen  reaction 
into  electric  work  with  high  efficiency.  For  automotive  applications, 
degradation  (ageing),  thermal  management  and  cost  reduction  are 
important  factors  for  commercial  success.  In  this  paper  we  discuss 
ageing  processes  for  some  PEMFC  components  with  regards  to 
thermal  conductivity,  Poly  Tetra  Fluor  Ethylen  (PTFE)  loss  and  water 
management. 

1.1.  Ageing  of  PEM  Fuel  Cells 

Durability  is  directly  related  to  return  on  investment  and  thus 
ageing  implications  are  important.  Increasing  lifetime  while 
reducing  the  cost  of  the  PEFC  are  considered  by  many  to  be  equally 


*  Corresponding  author.  Queen’s-RMC  Fuel  Cell  Research  Centre,  945  Princess  St., 
2nd  floor,  Kingston,  ON,  K7L  5L9,  Canada.  Tel.:  +1  613  533  6579;  fax:  +1  613  533 
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1  Sometimes  referred  to  as  Proton  Exchange  Membrane  Fuel  Cell  (PEMFC). 
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important  for  the  future  success  of  large  scale  PEFC  systems  [1,2]. 
Accordingly,  predicting  ageing  effects  through  accelerated  ageing 
and  stress  tests  are  of  great  importance  in  PEFC  development. 

The  traditional  scope  of  ageing  studies  relates  to  the  Membrane 
Electrolyte  Assembly  (MEA).  Studies  ranging  from  the  order  of 
1000  h  up  to  26,000  h  (equivalent  to  almost  3  years  continuous 
operation)  reveal  that  the  PEMFC  MEA  can  in  fact  retain  its 
performance  for  as  long  as  needed  in  automotive2  applications 
even  when  exposed  to  hostile  conditions  [1,3]. 

Several  studies  have  been  undertaken  to  elucidate  the 
phenomena  affecting  Porous  Transport  Layer  (PTLs)  and  Micro 
Porous  Layer  (MPLs).  Freeze  cycles  were  investigated  by  Lee  et  al. 
[4],  but  found  not  to  affect  the  mechanical  properties  of  PTLs.  Heat 
and  humidity  between  80  and  120  °C  were  found  to  adversely 
affect  mechanical  properties  and  to  increase  the  water  perme¬ 
ability.  By  studying  the  loss  of  PTFE  from  gas  diffusion  electrodes, 
where  the  X-ray  Photon  Spectroscopy  (XPS)  signal  probed  the 
electrode  layer.  Schulze  et  al.  [5]  found  that  ageing  led  to  a  loss  in 


2  Automotive  applications  requires  more  dynamic  tests  than  the  continuous  one 
of  26  000  h. 
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PTFE  content.  According  to  Yuan  et  al.  [2]  the  DOE  has  not 
developed  a  test  procedure  for  this  purpose  and  they  explain  that 
the  PTL  is  the  least  studied  material  in  terms  of  ageing.  Recently, 
Kumar  et  al.  [6]  polarised  both  paper  and  cloth  PTLs  in  0.5  M 
sulphuric  acid  for  100  h  at  80  °C  and  1.2  V  vs  Saturated  Calomel 
Electrode  (SCE).  They  found  that  the  paper  type  PTL  oxidised  less 
than  the  cloth,  probably  due  to  the  degree  of  graphitization  of  the 
respective  fibres. 

While  there  is  a  lack  of  standard  procedures  for  artificially 
ageing  PTLs,  it  has  been  demonstrated  that  humidity  and 
elevated  temperatures  affect  the  PTFE  content  and  accordingly 
the  hydrophilic  properties.  It  is  therefore  expected  that  heating 
of  PTLs  for  several  hundred  hours  in  oxygen  rich  water  is  a  reason¬ 
able  option  for  accelerated  age  effect  testing.  New  means  and 
standards  for  such  ex-situ  ageing  procedures  are  however  needed. 

1.2.  Heat  and  work  of  the  PEFC 

Despite  the  high  efficiency  of  a  PEFC  there  is  always  heat  release 
associated  with  this  process  for  at  least  three  reasons  [7-9].  The 
temperature  multiplied  by  the  change  in  the  reaction  entropy  and 
the  current  divided  by  the  Faraday  constant,  ThSjlnF  is  a  reversible 
and  inevitable  heat  source  in  a  PEMFC.  The  Tafel  (or  Butler— 
Volmer)  equation  predicts  that  increased  current  densities  (reac¬ 
tion  rates)  necessarily  result  in  additional  losses,  i.e.  a  reduction  in 
the  cell  potential  by  an  over-potential,  p,  with  a  corresponding  heat 
release.  This  is  the  origin  of  the  second  heat  source  which  is 
numerically  the  product  of  the  current  and  the  over-potential,  ijj 
[10].  Finally,  the  Joule  or  ohmic  heat  is  due  to  ohmic  potential 
losses,  Rqj',  most  significantly  in  the  membrane,  and  is  given  by  Rq/2. 
It  is  clear  from  the  first  law  of  thermodynamics  that  energy  that  is 
dissipated  as  heat  is  not  available  as  work.  The  second  and  the  third 
term  represent  irreversible  processes  (losses)  whereas  the  first 
term  is  dictated  by  the  sign  of  the  entropy  change  for  the  reaction 
and  is  opposite  in  the  reverse  reaction.  In  the  case  of  a  PEMFC 
however  all  three  terms  represent  heat  generation  and  a  corre¬ 
sponding  reduction  in  available  electric  work  from  the  fuel  cell. 

Heat  generation  in  the  fuel  cell  also  necessarily  results  in 
temperature  gradients  within  the  cell  which  are  dramatically 
impacted  by  the  thermal  properties  of  the  cell  materials.  The 
Porous  Transport  Layer  (PTL),  sometimes  referred  to  as  the  gas 
diffusion  layer  (GDL),  is  the  thickest  material  and  also  the  material 
sandwiching  the  main  heat  generation  sections  of  the  PEMFC  and  is 
hence  the  most  important  material  for  evaluation  and  engineering 
with  respect  to  temperature  gradients  in  the  cell.3  The  PTL  thermal 
conductivity  is  significant  in  setting  the  temperature  at  the  elec¬ 
trode  and  hence  its  performance  and  its  degradation  rates.  The 
temperature  also  changes  significantly  the  water  phase  and  rates  of 
phase  change  which  have  a  direct  impact  on  both  the  cell  perfor¬ 
mance  and  the  degradation  rates.  The  water  phase  change  can  in 
fact  represent  the  largest  heat  source  and/or  sink  in  the  fuel  cell 
electrodes  [12,13]  and  the  state  of  the  water  present  also  strongly 
affects  the  heat  handling  of  the  PTLs. 

Mathematical  models  of  fuel  cells  accounting  for  temperature 
gradients  have  become  more  common  over  the  last  decade,  as  is  well 
summarised  by  Bapat  and  Thynell  [14].  Good  predictions  rely  on 
good  determinations  of  the  thermal  conductivity  of  fuel  cell 
components.  On  the  one  hand  one  wishes  to  have  the  electrodes 
operating  at  a  temperature  as  high  as  possible  because  this  lowers  - 


3  This  is  verified  experimentally  [11]  and  by  modelling  [12].  This  is  because  of 
several  factors.  The  PTL  is  the  thickest  component  in  the  PEMFC  (after  polarisation 
plates).  It  has  the  second  lowest  thermal  conductivity  (after  Nation).  It  insulates  the 
heat  production  region  in  a  PEMFC,  i.e.  the  membrane  electrolyte  assembly  (MEA). 


CO  poisoning  of  the  catalyst  and  improves  the  charge  transfer 
kinetics  (lowering  ij)  [15].  On  the  other  hand,  it  is  desirable  to 
increase  material  durability  by  keeping  the  membrane  temperature 
well  below  the  polymer  glass  transition  temperature,  Tg4  [16,17]. 
Possible  exposure  to  the  glass  transition  temperature  is  dependent 
on  both  water  content  and  temperature  and  constrains  the  upper 
limit  for  the  operational  electrode  temperature.  Since  PEFCs  are  very 
often  operated  at  a  nominal  temperature  around  80  °C,  a  large 
temperature  gradient  in  the  PTL  can  result  in  membrane  tempera¬ 
tures  approaching  Tg  with  a  corresponding  decreases  in  the 
membrane  lifetime.  Hence,  knowledge  of  the  PTL  thermal  conduc¬ 
tivity  both  for  virgin  and  aged  materials  is  important  in  order  to 
engineer  a  performant  and  durable  PEFC.  Large  temperature  gradi¬ 
ents  have  also  been  shown  to  affect  the  cell  water  balance  due  to 
phase-change  induced  transport  of  water  [18],  further  demon¬ 
strating  that  the  fuel  cell  performance  is  dependent  on  the  PTL 
thermal  conductivity.  Vie  and  Kjelstrup  [11  ]  used  thermo-couples  in 
the  gas  channels  and  between  the  electrodes  and  the  membrane  of 
a  PEFC  and  measured  more  than  a  5  °C  temperature  difference  across 
the  PTL,  at  a  current  density  of  1  A  cm-2.  Pharoah  and  Burheim  [8] 
demonstrated,  by  the  use  of  a  mathematical  model,  that  depending 
on  the  water  phase  change  regime,  gas  flow  channel  design  and  the 
position  in  the  electrode,  the  temperature  differences  between  the 
gas  channel  and  the  electrode  can  be  noticeably  greater  than  10  °C. 

1.3.  Thermal  conductivity  of  PEFC  components 

Ex-situ  measurement  of  the  thermal  conductivity  of  PTL  mate¬ 
rials  is  complicated  for  several  reasons:  a)  the  in-plane  thermal 
conductivity  has  long  been  assumed  [19-21]  and  recently  experi¬ 
mentally  shown  [22-24]  to  be  directionally  dependent,  b )  the 
through-plane  thermal  conductivity,  the  thermal  contact  resistance 
and  the  thickness  change  with  the  applied  compaction  pressure 

[25.26] ,  c)  and  residual  water  in  the  pores  significantly  changes 
both  the  thermal  conductivity  and  the  thermal  contact  resistance 

[25.26] .  In  measuring  the  thermal  conductivity  of  PTLs  care  must  be 
taken  to  properly  account  for  the  in-situ  thickness,  heat  flux  and 
temperature  difference  across  the  sample. 

Several  theoretical  approaches  have  been  made  to  calculate  the 
thermal  conductivities  of  PTL  materials.  By  combining  calculation 
and  measurements,  Ramousse  et  al.  [27]  estimated  minimum  and 
maximum  thermal  conductivities  of  carbon  papers  based  on 
a  previously  developed  model  [20],  connecting  the  thermal  resis¬ 
tances  of  the  solid  and  gas  phases  in  parallel  and  in  series, 
according  to  the  Maxwell  model.  Sadeghi  et  al.  [21]  developed  an 
analytical  model  to  predict  thermal  conductivity  from  the  material 
structure,  simplified  by  assuming  a  basic  repeating  structure. 

One  important  subject  of  discussion  of  thermal  conductivity 
measurements  has  been  the  relation  between  thermal  conductivity 
of  the  sample,  the  contact  resistance  between  the  sample  and  the 
apparatus  and  also  the  contact  resistance  between  stacked  samples 
[27].  Ramousse  et  al.  stated  that  the  contact  resistance  should  be 
bounded  by  the  resistance  of  layers  of  either  air  or  carbon  with  the 
thickness  of  an  individual  PTL  fibre.  Our  measurements  of  this 
contact  resistance  are  approximately  2  x  10~4  m2  K  W-1  [25] 
which,  assuming  a  fibre  thickness  of  order  5  pm  corresponds  to 
a  thermal  conductivity  of  the  order  0.025  W  K_1  m_1,  which  is  the 
same  as  that  of  air.  The  challenge  with  a  finite  contact  resistance 
between  individual  papers  in  a  stack  is  that  for  every  added  sample 


4  The  Tg  is  the  temperature  at  which  a  sudden  reduction  in  mechanical  strength 
of  a  polymer  occurs.  In  the  case  of  Nafion,  the  presence  of  water  lowers  this  value 
from  ~150  to  ~100  °C  depending  on  the  presence  and  state  of  water  next  to  the 
membrane  material. 
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one  also  adds  one  more  sample— sample  contact  resistance  and 
hence,  there  are  more  unknowns  than  equations.  By  carefully 
sorting  individual  pieces  of  a  PTL  according  to  thickness,  and 
comparing  these  results  to  the  case  of  stacking  multiple  samples, 
Burheim  et  al.  [25]  were  able  to  demonstrate  that  the  sample- 
sample  contact  resistance  is  negligible.  This  result  is  physically 
satisfying  as  the  contact  between  two  individual  samples  is  not 
dissimilar  from  the  contacts  between  fibres  within  a  single  sample. 
We  shall  return  to  this  discussion  when  discussing  measurements 
of  papers  with  Micro  Porous  Layers  (MPLs)  in  Section  3.2. 

The  first  in-situ  experimental  results  for  the  through-plane 
thermal  conductivity  were  reported  by  Vie  et  al.  [11],  giving 
a  thermal  conductivity  of  0.19  ±  0.05  W  K_1  m-1  for  an  ETEK  ELAT 
PTL.  The  experiments  were  carried  out  by  inserting  thermocouples 
inside  a  fuel  cell  and  results  were  obtained  from  a  simplified  thermal 
model.  The  relatively  large  thermocouples  increased  the  uncertainty 
in  the  temperature  gradient  determination  in  these  measurements. 
The  first  ex-situ  experiments  of  thermal  resistance  were  reported  by 
Ihonen  et  al.  [28],  reporting  the  thermal  impedance  including  both 
the  bulk  material  resistance  and  the  apparatus  contact  resistance  of 
compressed  PTLs  (SIGRACET  GDL 10-BC  and  Carbel  CL).  Khandelwal 
and  Mench  [29]  reported  the  first  ex-situ  measurements  of  PTL 
materials  with  a  perspective  on  de-convoluting  the  thermal 
conductivities  and  their  contacts  to  the  apparatus.  However  the  in- 
situ  thickness  was  not  taken  into  consideration  and  this  has  a  direct 
impact  on  the  determination  of  thermal  conductivity.  Ramousse 
et  al.  [30]  used  a  similar  approach.  Their  apparatus  applied  copper 
plates  at  the  end  of  each  cylinder,  sandwiching  the  investigated 
sample.  Using  this  experimental  set-up,  different  PTL  materials 
provided  by  Toray  (3  different  thicknesses)  and  SIGRACET  were 
tested  by  measuring  the  thermal  resistance  of  stacks  of  samples.  The 
first  experimental  report  giving  all  of  the  three  parameters  required 
by  Fourier’s  law  as  a  function  of  compaction  pressures  was  that  of 
Burheim  et  al.  [25].  Correcting  for  the  actual  thickness  corrects  the 
reported  values  by  5-20%  depending  on  the  PTL  materials  and  the 
compaction  pressure.  More  importantly  was  that  we  demonstrated 
that  the  PTL-PTL  contact  thermal  resistance  is  negligible  and  that 
neglecting  this  when  stacking  materials  is  a  valid  approach  when 
measuring  through-plane  thermal  conductivity. 

The  impact  on  thermal  conductivity  introduced  by  changing  the 
temperature  both  for  in-  and  through-plane  thermal  conductivity 
was  measured  by  Zamel  et  al.  [24,31]  For  through-plane  thermal 
conductivity  with  controlled  compression;  it  was  found  that  at  16% 
compression  (unknown  compaction  pressure)  the  thermal 
conductivity  of  the  PTL,  regardless  of  PTFE  content,  does  not 
depend  significantly  on  temperature  [31  ].  For  the  in-plane  thermal 
conductivity  it  was  found  that  for  PTFE  free  PTLs  the  thermal 
conductivity  is  lowered  by  —  50%  when  comparing  values 
measured  at  room  temperature  to  values  from  measurements 
undertaken  at  60  °C  and  higher  [24].  For  the  PTFE  treated  samples, 
the  in-plane  thermal  conductivity  is  nearly  unaffected  in  the  range 
of  -20  to  +120  °C,  respectively  [24].  This  is  similar  to  what 
Khandelwal  reported  for  Nation  [29]. 

For  the  first  time  we  study  and  report  the  ageing  impact  on  the 
thermal  conductivity  of  PTLs,  not  only  as  a  property  in  itself,  but  also 
as  a  mean  to  understand  the  ageing  mechanism  of  PTLs  and  the  PTFE 
therein.  This  is  of  great  importance  when  evaluating  previous 
degradation  studies  and  also  for  the  design  of  new  PEMFC  materials. 

2.  Theory  and  experimental 

2.1.  Apparatus 

The  apparatus  used  in  the  experiments  is  depicted  in  Fig.  1 
and  is  described  in  greater  detail  in  Ref.  [25].  The  thermal 
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Fig.  1.  A  2D  sketch  of  the  apparatus  used  to  measure  thermal  conductivity  as  reported 
here  [25,26]. 


conductivity  apparatus  was  designed  to  simultaneously  measure 
the  variables  that  appear  in  the  discrete  form  of  Fourier’s  law,  i.e. 
the  heat  fluxes  qj,  the  sample  thickness,  5S  and  the  temperature 
drop  over  the  sample.  The  heat  flux  is  measured  on  each  side  of 
the  sample  along  with  the  temperature  drop  over  the  sample 
and  the  thickness  of  the  compressed  sample  material,  as  in  Eqs. 
(1)— (3).  In  this  context  the  term  “sample”  refers  to  a  stack  of 
materials  and  the  contact  to  the  apparatus.  Next,  the  thermal 
resistance  and  its  contact  to  the  apparatus  were  plotted  as 
function  of  the  measured  thickness  in  order  to  de-convolute  the 
thermal  conductivity  and  the  thermal  contact  resistance.  (See 
Eqs.  (4)  and  (5)  in  Section  3.2.3.)  The  measurements  were  carried 
out  at  three  different  compaction  pressures,  4.6  bar,  9.3  bar  and 
13.9  bar.  These  were  applied  pneumatically  and  read  from  the 
gas  bottle  regulator.  The  upper  temperature  was  held  at  35  °C 
while  the  lower  temperature  was  maintained  at  10  °C  such  that 
the  sample  temperature  is  very  close  to  room  temperature.  Each 
sample  was  left  for  at  least  10  min  in  order  to  reach  a  steady 
state  and  then  temperature  data  was  recorded  at  30  s  intervals 
for  10  min  and  averaged.  Except  in  the  case  of  samples  with 
MPLs,  which  is  described  below,  measurements  are  taken  for 
stacks  of  1,  3,  and  5  samples  (9  different  samples  in  total)  and  the 
conductivity  and  contact  resistance  determined  from  a  linear 
regression  based  upon  these  three  measurements.  qi/[W  m-2], 
/q/[W  K-1  m-1],  7i/[K],  <5i_j  and  Ri/[K  m2  W-1]  are  the  heat  flux, 
thermal  conductivity,  temperature,  length/thickness  and  thermal 
resistivity  of  region,  position  or  material  in  agreement  with 
Fig.  1,  respectively.  An  example  of  a  measurement,  using  SGL  DA, 
is  given  in  A. 
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2.2.  Procedure 

Several  of  the  samples  in  the  present  study  are  coated  with 
a  MPL.  In  stacking  these  we  consider  a  repeat  unit  to  be  a  pair  of 
samples  with  the  MPL  coated  sides  contacting.  In  this  way,  the 
sample  to  apparatus  contact  resistances  are  the  same  at  each 
contact  and  should  be  the  same  as  in  the  cases  with  no  MPLs.  In 
addition,  the  repeat  unit  to  repeat  unit  contact  resistance  is  also  the 
same  as  in  the  case  with  no  MPL  and  can  reasonably  be  expected  to 
be  negligible,  as  discussed  above.  Finally,  within  each  repeat  unit 
there  is  one  MPL— MPL  contact  which  may  or  may  not  be  negligible 
but  which  if  present  will  be  lumped  into  the  conductivity.  This 
approach,  however,  requires  additional  sample  materials,  which 
were  in  short  supply.  Accordingly,  we  measured  A,  one  repeat  unit 
(two  MPL  coated  PTL  discs),  B  two  repeat  units  (four  MPL  coated 
PTL  discs)  and  C,  A  and  B  stacked  together  for  a  total  of  three  repeat 
units  at  the  cost  of  having  to  re-use  the  samples.  This  was  carried 
out  first  at  the  lowest  compaction  pressures  (4.6  bar),  next  at  the 
intermediate  (9.3  bar)  and  lastly  at  the  highest  compaction  pres¬ 
sure  (13.9  bar).  Thus  possible  hysteresis  effects  from  high 
compaction  pressures  [32,33]  were  avoided.  Before  carrying  out 
these  experiments,  several  samples  and  sample  stacks  were 
measured  multiple  times  by  disassembling  and  reassembling  in 
between  these  repeated  measurements  with  no  significant  effect 
on  the  measured  values.  Thus  we  made  sure  that  our  A,  B,  C 
procedure  was  valid  at  a  constant  repeated  compaction  pressure. 

2.3.  Artificially  ageing  Porous  Transport  Layers 

PTL  samples  were  heated  in  deionized  water  for  approximately 
0,  200,  400,  600,  800  and  1000  h  at  80  °C.  This  procedure  was 
carried  out  in  environmental  chambers  machined  from  PTFE,  to 
minimize  cross-contamination  between  the  chamber  walls  and  the 
samples.  The  water  was  constantly  purged  by  bubbling  air  to  more 
closely  simulate  the  PEMFC  cathode  environment.  Moreover,  water 
vapour  in  the  effluent  air  was  condensed  in  a  length  of  chilled 
Teflon  tubing  and  refluxed  to  maintain  the  water  level.  The 
temperature  in  each  chamber  was  held  constant  y  a  hot  plate  linked 
to  a  Teflon-coated  thermocouple  probing  the  water. 


Table  1 

PTFE  loading  applied  to  the  substrate  as  indicated  by  the  first  letter  following  the 
series  number  in  the  product  specification. 


First  letter 

A 

B 

C 

D 

E 

PTFE-wt.% 

0 

5 

10 

20 

30 

previously  reported  [25,26]  and  thus  only  briefly  repeated  here.  As 
is  depicted  in  Fig.  2,  there  is  a  small  water  reservoir  above  one  or 
a  stack  of  PTLs  and  water  is  forced  through  sample  using  an  aspi¬ 
rator  suction  pump.  The  suction  was  gradually  turned  on  until 
water  started  to  flow  through  the  sample.  The  water  process  was 
stopped  before  the  reservoir  was  emptied.  In  total,  less  than  one  dl 
(100  cm3)  was  fed  during  this  step. 

Water  was  fed  first  from  one  side  and  then  next  from  the  other 
side  by  flipping  the  stack  and  repeating  the  procedure.  The  amount 
of  water  retained  by  the  sample,  or  the  residual  saturation,  was 
determined  by  weighing  the  samples  as  follows;  1 ;  the  wet  sample 
was  cut  to  fit  the  rig,  2;  the  sample  was  weighed,  3;  the  sample 
thermal  conductivity  was  measured,  4;  the  sample  was  dried,  5;  the 
sample  was  weighed  again. 

2.5.  Material  selection 

The  chosen  materials  can  be  split  into  two  groups,  uncoated 
PTLs  and  MPL  coated  PTLs.  The  uncoated  PTLs  are  more  amenable  to 
experiment  and  interpretation  since  they  are  intended  to  be 
homogeneous  while  the  MPL  coated  PTLs  are  much  closer  to  what 
is  actually  used  in  fuel  cells  but  clearly  have  different  properties  in 
the  substrate  and  in  the  MPL  with  an  ill-defined  interface  between 
the  two  regions.  While  it  is  difficult  to  justify  reporting  a  single 
thermal  conductivity  for  such  a  composite  systems,  we  have  chosen 
to  report  ‘conductivities’  in  order  to  be  consistent  with  our  previous 
work  and  the  published  literature.  The  conductivity  numbers  for 
materials  with  MPLs  should  however  not  be  used  in  detailed 
models  aimed  at  predicting  temperature  profiles  within  the 
materials  though  they  can,  of  course,  be  safely  used  to  predict  the 
total  temperature  change  across  the  material. 


2.4.  Incorporating  water  in  the  PTLs 

For  the  PTLs  not  coated  with  MPLs,  experiments  were  under¬ 
taken  with  water  in  the  samples.  The  technique  for  achieving  this  is 


Water 

PTLs 


Fig.  2.  Figure  depicts  the  set-up  for  introducing  water  into  the  PTLs. 


2.5.1.  Sigracet  PTLs 

SGL  Porous  Transport  Layers  type  24  and  25  have  been  chosen 
for  investigation  in  this  paper.  These  are  delivered  with  PTFE 
content  in  the  range  from  0  wt.%  to  30  wt.%.5  The  specific  papers 
used  in  this  study  are:  SGL  24BC,  SGL  24B“C”,  SGL  24DA,  SGL24DC, 
SGL  24D“C”  and  SGL  25BC.  The  number  24  and  25  indicate  the  PTL 
product  series,  the  first  letter  following  this  represents  the 
substrate  PTFE  content  (Table  1 )  and  the  second  letter  represents 
presence/composition  of  a  MPL.  The  interpretation  of  first  letter, 
the  PTFE  content,  is  indicated  in  Table  1  while  an  A  for  second  letter 
indicates  the  absence  of  a  MPL  and  any  other  letter  represents  the 
composition  of  the  MPL  as  indicated  in  Table  2.  This  is  illustrated  in 
Fig.  3.  The  25  series  is  more  porous  than  the  24  series  and  also  has 
a  higher  gas  permeability  as  illustrated  in  Table  3. 

2.6.  Contact  angle  measurement 

Since  the  thermal  conductivity  is  strongly  affected  by  the  water 
content  of  a  PTL,  measurements  of  external  water  contact  angle,  a, 
were  used  to  partially  indicate  changes  to  the  hydrophobic 


5  This  is  not  the  weight  percent  of  PTFE  in  the  PTL,  but  the  percentage  of  PTFE  in 
the  slurry  forced  through  the  material  as  a  hydrophobic  treatment.  Subsequently 
after  this  treatment  the  PTL  is  dried  and  some  of  the  PTFE  remains  in  the  material. 
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Table  2 

PTFE  loading  of  the  MPL  as  indicated  by  the  second  letter  following  the  series 
number  in  the  product  specification. 


Second  letter 

A 

“C” 

C 

MPL  PTFE-wt.% 

No  MPL 

5 

23 

character  of  samples  after  ageing,  see  Fig.  4.  The  sessile  drop 
method  was  used,  applying  five  1.0  pL  droplets  of  water  to  each 
sample  in  a  goniometer  equipped  with  digital  camera  and  analysis 
software.  For  each  material  5  parallels  were  made. 

2.7.  Nuclear  Magnetic  Resonance  -  NMR 

An  important  part  of  this  study  was  to  investigate  possible  PTFE 
degradation  during  ageing  of  PTLs.  NMR  allows  to  quantify  the 
amount  of  PTFE  in  the  bulk  of  the  material.  Most  other  composition 
analysis  tools  allows  only  for  surface  composition  analysis.  Hence, 
and  due  to  availability,  NMR  was  chosen  for  PTFE  PTL  bulk  content 
determination. 

19F  MAS  NMR  spectra  were  obtained  using  a  Bruker  Avance  300 
spectrometer  operating  at  282.4  MHz.  The  pulse  length  was  2.5  ps 
and  10  s  delay  time  was  used  with  a  4  mm  fluorine  free  probe.  A 
total  number  of  1024  scans  were  accumulated  with  a  spinning  rate 
of  11  kHz.  Chemical  shifts  were  referenced  to  external  CFCI3  at 
0  ppm.  Samples  were  prepared  by  mixing  12  mg  of  NaF,  25  mg  of 
MgO  and  50  mg  of  SGL  24DA. 

2.8.  Statistical  analysis  and  accuracy  of  the  measurements 

The  thermal  apparatus  was  calibrated  using  materials  with 
known  thermal  conductivity.  These  values  are  known  with  5% 
accuracy  and  thus  this  level  is  the  accuracy  limitation  of  the  reported 
values  in  this  paper  [25].  However,  the  thermal  conductivities  in  the 
Results  section  reports  deviations  from  the  linear  regression  using 
a  least  square  of  residual  approach.  Due  to  the  scarcity  of  samples, 
each  of  the  regressions  in  this  paper  are  based  on  only  three  points 
which  means  that  a  good  linear  fit  is  represented  by  a  small  error 
while  a  poor  regression  will  have  considerably  larger  error.  All 
numbers  are  reported  with  95%  confidence  intervals. 

3.  Results  and  discussion 

A  large  variety  of  samples  have  been  investigated  in  this  study  as 
listed  above,  and  a  selection  of  the  most  significant  data  is  presented 
here.  The  thermal  conductivity  values  are  presented  for  those 
measurements  undertaken  at  9.3  bar  compaction  pressure,  with 
values  at  different  applied  pressures  tabulated  in  the  Appendix.  The 
sample  series  that  are  not  taken  into  this  report  are  left  out  because 
they  provide  no  additional  information,  i.e.  the  trend  with  thermal 
conductivity  as  a  function  of  artificial  ageing  time  is  as  for  the  other 
materials  and  the  thermal  conductivity  values  are  within  in  the 
window  of  the  values  for  those  tabulated  in  this  paper.  The  vacancies 
in  the  tables,  indicated  by  — ,  are  due  to  a  lack  of  material  (in  case  of 
thermal  conductivity)  or  selection  by  priority. 


AA  YA  YC 


Fig.  3.  Example  sketch  of  PTL  +  MPL  with  different  PTFE  content. 


Table  3 

Selected  properties  of  the  substrates  investigated  in  this  study. 


Areal  weight 

Porosity 

Air  permeability 

24BA 

54  g  m-2 

84% 

60  cm3(cm2s)_1 

25BA 

40  g  m-2 

88% 

210  cm3(cm2s)_1 

3.1.  Artificially  aged  PTLs 

Table  4  gives  the  through-plane  thermal  conductivity,  the  thermal 
contact  resistance  to  aluminium,  the  measurement  sample  thickness 
and  (when  present)  the  volumetric  water  saturation  for  SGL  24DA 
(dry),  SGL  24DA  (wet)  and  SGL  24BA  (wet)  as  a  function  of  artificial 
ageing  time  and  the  contact  angle,  a,  between  water  and  the  dry  PTL, 
respectively.  The  through-plane  thermal  conductivity  and  the 
thermal  contact  resistance  data  are  also  shown  graphically  in  Fig.  5. 

3.1.1.  Dry  PTLs 

As  discussed  in  the  introduction,  Section  1.1,  heating  the  PTL 
materials  in  air  purged  water  is  expected  to  remove  some  of  the  PTFE 
and,  as  described  in  Section  1.3,  this  could  lead  to  increased  through- 
plane  thermal  conductivity.  Examining  the  measured  through-plane 
thermal  conductivity  of  the  dry  SGL  24DA  one  can  see  that  there  are  no 
significant  changes  induced  by  the  chosen  ageing  procedure.  This  is 
also  the  result  for  the  measured  thermal  contact  resistance  and  the 
measured  thickness.  SGL  24DA  is,  in  this  study,  the  material  with  the 
largest  PTFE  content  in  the  PTL  base  substrate  and  the  absence  of 
a  change  in  the  through-plane  thermal  conductivity  was  therefore 
surprising.  NMR  measurements  indicate  a  significant  change  in  the 
total  content  of  PTFE  before  and  after  the  ageing  procedure,  See  Fig.  6. 
We  shall  return  to  this  point  in  Section  3.1.2  and  3.3. 

3.1.2.  PTLs  with  liquid  water 

No  significant  changes  were  measured  for  the  through-plane 
thermal  conductivity  for  the  dry  PTL  samples.  For  the  samples  con¬ 
taining  water,  we  found  an  increase  in  the  thermal  conductivity  and 
that  this  property  increases  with  ageing  time.  Though  the  trend  of 
increasing  thermal  conductivity  with  time  is  scattered,  the  water 
contact  angle  with  the  PTL  substrate,  a ,  decreases  with  ageing,  while 
the  liquid  saturation,  S,  tends  to  increase.  Furthermore,  NMR  spec¬ 
troscopy,  Fig.  6,  shows  that  the  SGL  24DA  sample  has  lost  a  significant 
amount  of  PTFE  by  the  end  of  1001  h  of  ageing.  All  this  indicates  that  the 
affinity  of  the  samples  for  water  is  increasing  with  ageing,  and  this  does 
indeed  affect  the  thermal  conductivity  of  the  wet  samples.  This  can  be 
seen  in  Table  4  and  in  the  graphical  presentation  to  the  left  in  Fig.  5. 

Despite  the  large  standard  deviations  in  the  reported  values  of 
the  thermal  conductivity  it  is  beyond  doubt  that  the  value  increases 
with  the  presence  of  water  and  also  that  this  effect  is  stronger  after 


Fig.  4.  Water  droplet  -  PTL  interface  and  contact  angle,  a. 
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Table  4 

Overview  of  the  measured  thermal  conductivity  as  function  of  ageing  time  for  the  selected  materials  at  9.3  bar  compaction  pressure.  Units  are;  /<ptl/W  K-1  m-2,  Rai-ptl/ 
10-4 1<  m2  W-1  and  (W/IO-6  m,  respectively.  The  water  content,  S,  is  defined  as  the  fraction  of  the  PTL  pores  filled  with  liquid  water  and  is  measured  by  weight  before  and  after 
drying  the  samples.  Also  the  contact  angle,  a,  of  water  on  the  samples,  in  degrees,  are  given  for  some  of  the  samples. 


Timeaged 

Oh 

-200  h 

-400  h 

-600  h 

-800  h 

-1000  h 

SGL  24DA 

Dry 

k 

0.33  dh  0.02 

0.31  dh  0.02 

0.33  dh  0.01 

0.32  dh  0.01 

0.32  dh  0.01 

0.33  dh  0.02 

Kai-ptl 

1.2  ±  0.5 

0.9  ±  0.5 

1.1  dh  0.3 

1.00  ±  0.17 

1.12  dh  0.12 

1.3  dh  0.6 

<5  PTL 

177  dh  16 

188  dh  16 

174  dh  12 

175  dh  16 

170  dh  5 

167  dh  6 

SGL  24DA 

Wet 

/<PTL 

0.50  ±  0.14 

0.585  dh  0.017 

0.9  ±  0.3 

0.6  dh  0.3 

0.94  dh  0.04 

0.9  dh  0.7 

^Al-PTL 

1.7  dh  1.5 

0.9  dh  0.1 

2.5  dh  1.0 

1  ±2 

3.38  dh  0.11 

1.3  dh  1.7 

<5  PTL 

174  ±  5 

170  ±  8 

173  dh  12 

168  ±3 

172  dh  9 

175  dh  7 

s 

0.2  dh  0.2 

0.2  ±  0.4 

0.2  dh  0.4 

0.3  dh  0.4 

0.2  dh  0.3 

0.4  dh  0.2 

a 

137  ±  5 

- 

129  dh  5 

- 

- 

125  dh  5 

SGL  24BA 

Wet 

1<PTL 

0.39  dh  0.02 

0.49  dh  0.018 

0.6  dh  0.14 

0.44  dh  0.06 

0.49  dh  0.02 

0.8  dh  0.5 

^Al-PTL 

0.27  dh  0.01 

1.3  ±  0.2 

1.5  dh  1.1 

0.8  dh  0.9 

1.5  dh  0.1 

2.7  dh  1.6 

<5  PTL 

171  dh  7 

169  ±6 

167  dh  10 

175  dh  17 

165  dh  6 

173  dh  5 

s 

0.1  ±  0.3 

0.2  ±  0.3 

0.2  dh  0.3 

0.1  dh  0.1 

0.2  dh  0.2 

0.2  dh  0.2 

a 

135  ±5 

- 

135  dh  5 

- 

- 

124  dh  5 

1000  h  of  ageing  compared  to  the  virgin  material.  The  linearity  of  the 
trend  with  artificial  ageing  time  is  speculative  in  light  of  the  current 
data.  For  this  reason  we  have  chosen  to  illustrate  two  possible  trend 
lines  for  the  thermal  conductivity  of  SGL  24DA  containing  residual 
water.  Looking  also  at  the  water  content,  S,  one  can  see  that  it  is  hard 
to  argue  a  significant  difference  between  the  two  sets  of  data,  i.e. 
SGL24  BA  and  DA.  However  there  appears  to  be  a  weak  trend  for  the 
water  content,  S,  and  the  through-plane  thermal  conductivity  to 
increase  and  for  the  contact  angle  and  the  PTFE  content  to  decrease 
as  a  function  of  ageing  time  for  the  two  set  of  samples.  However 
whether  this  is  related  to  some  threshold  change  around  300  h  of 
ageing  (as  indicated  by  the  dashed  step  line)  or  if  it  is  a  continuous 
gradual  material  modification  (As  indicated  by  the  straight 
ascending  dashed  line)  can  not  definitively  ascertained  in  this  study. 
What  is  important  is  that  all  four  measurements  are  consistent. 

Water  contact  angles  measured  by  the  sessile  drop  method 
indicate  that  the  PTL  samples  have  become  significantly  less 
hydrophobic  by  1000  h  of  ageing  time.  From  Tables  4  and  5  one  can 
see  that  the  contact  angle  of  the  PTL  is  significantly  changed  while 
the  contact  angle  of  the  MPL  is  not.  This  is  consistent  with  the  drop 
in  PTFE  content  shown  in  Fig.  6.  A  previous  study  has  suggested  that 
this  surface  change  is  in  part  due  to  oxidation  of  the  carbon  surface, 
since  the  contact  angle  decrease  is  larger  as  the  ageing  environment 
is  made  more  oxidizing  [34].  Since  less  hydrophobic  pores  should 
be  more  easily  filled  with  water,  we  expect  that  using  the  same 
water  incorporation  procedure  should  result  in  higher  saturation  of 
the  aged  samples.  Moreover,  these  observations  coincide  with  the 


NMR  results  of  Fig.  6,  in  that  less  PTFE  in  the  bulk  substrate  should 
allow  a  higher  water  saturation  level,  S. 

From  our  experience  [26],  introducing  liquid  water  to  PTLs 
previously  subject  to  a  PTFE  hydrophobic  treatment  gives  far  from 
reproducible  results  both  regarding  the  water  content,  S,  and  the 
through-plane  thermal  conductivity,  k.  However,  we  do  know  that 
the  thermal  conductivity  goes  up  by  a  factor  -  2.5  for  SGL  10AA  and 
a  factor  2-4  for  Toray  (0—5%  wet  proof)  PTLs  when  water  is 
introduced  [26].  Also,  even  when  the  PTFE  content  is  higher  and  the 
relative  errors  increase,  the  thermal  conductivity  increases  when 
water  is  introduced  to  the  hydrophobic  treated  PTLs  [26]. 

Again  we  look  to  the  dashed  regression  line  and  the  values  for  the 
wet  PTL  shown  in  the  left  graph  of  Fig.  5.  On  the  one  hand,  from  the 
literature  we  expect  more  water  and  hence  increased  thermal 
conductivity  with  ageing,  while,  on  the  other  hand,  it  is  difficult  to 
justify  significance  by  statistical  arguments  for  the  present  results. 
Moreover,  the  trend  of  increased  thermal  conductivity  with  ageing 
when  water  is  present  appears  stronger  for  the  SGL  24DA  than  for  the 
BA,  though,  again,  this  is  far  from  significant  based  on  the  measured 
values.  All  around,  when  comparing  the  wet  to  the  dry  PTL  thermal 
conductivity;  the  thermal  conductivity  of  the  wet,  non-aged  PTLs  are 
approximately  twice  as  large  as  in  the  case  of  dry  PTLs  and  threefold  for 
those  aged  the  longest.  In  the  light  of  the  reported  contact  angles,  the 
water  content  and  the  NMR,  the  increase  in  thermal  conductivity  of  the 
PTL  with  residual  water  is  a  reasonable  and  consistent  set  of  results. 

The  increase  in  thermal  conductivity,  of  a  factor  increasing  from 
approximately  two  to  approximately  three,  is  very  similar  to  what 
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Fig.  5.  Through-plane  thermal  conductivity  (left)  and  thermal  contact  resistance  to  aluminium  of  SGL  PTLs  as  function  of  artificial  ageing  time. 
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Teflon  NaF:  internal 


Fig.  6.  NMR  spectra  of  SGL  24DA  using  NaF  as  an  internal  reference;  pristine  (blue), 
412  h  aged  (red)  and  1001  h  aged  (green).  (For  interpretation  of  the  references  to 
colour  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 

was  seen  for  the  SGL  10AA.  This  suggests  that  the  contribution  to 
the  increase  in  thermal  conductivity  by  the  water  is  the  same  as 
what  was  seen  and  proposed  in  Ref.  [25,26].  In  these  studies  it  was 
argued  that  water  aids  the  heat  conduction  locally  by  enhancing 
the  fibre  to  fibre  contact  regions  rather  than  conducting  heat  via 
a  bridge  through  the  PTL  material.  This  argument  stems  from  the 
fact  that  the  relative  increase  in  thermal  conductivity  is  far  greater 
than  that  expected  from  the  addition  of  a  small  volume  fraction 
water  as  a  heat-conducting  phases  in  the  pores.  We  shall  return  to 
this  discussion  in  Section  3.3. 

3.2.  MPL  coated  PTLs 

3.2.1.  PTL  PTFE  content  and  MPL 

In  Table  5  we  give  the  thermal  conductivity  and  the  measured 
thickness  for  the  SGL  24DA,  24DC  and  the  24BC  at  9.3  bar 
compaction  pressure.  The  SGL  24DA  and  the  24DC  differ  by  the 
addition  of  a  MPL  and  the  24BC  and  24DC  have  different  PTFE 
contents  in  the  PTL  substrate. 

Comparing  the  results  for  the  SGL  24DA  and  24DC,  it  is  evident 
that  introducing  the  MPL  has  little  effect  on  the  thermal  conduc¬ 
tivity.  Previous  estimates  indicated  a  thermal  conductivity  of  a  MPL 
to  be  0.5  ±  0.5  W  K-1  m-1  at  9.3  bar  compaction  pressure  [25]  and 
therefore  one  might  expect  some  increase  in  the  overall  thermal 
conductivity  with  the  addition  of  a  MPL.  This  is  however  not  the 
case  in  the  results  of  Table  5.  In  other  words;  the  MPL  hardly 
contributes  to  a  change  in  the  overall  thermal  conductivity  while 
PTFE  in  the  PTL  substrate  contributes  to  a  decreased  overall  thermal 
conductivity.  We  therefore  conclude  that  the  initial  PTFE  content  is 
more  important  to  the  PTL  overall  thermal  conductivity  than  is  the 
addition  of  a  MPL. 


Comparing  the  SGL  24BC  to  the  24  DC,  it  is  apparent  that  the 
thermal  conductivity  of  the  24DC  is  lower  than  that  of  the  24BC.  This 
coincides  with  what  is  reported  previously,  that  introducing  PTFE  in 
the  PTL  substrate  decreases  the  thermal  conductivity  of  the  material 
[25,26,29].  What  is  important  to  note  is  that  the  PTFE  content  in  the 
PTL  substrate  layer  appears  to  impact  the  overall  through-plane 
thermal  conductivity  much  more  than  does  the  MPL.  Moreover,  it 
is  worth  noting  that  this  effect  does  not  change  significantly  with  the 
ageing  time.  We  return  to  this  point  in  Section  3.3. 

3.2.2.  PTL  porosity 

One  of  the  material  pairs  which  appear  similar  but  actually 
feature  the  largest  difference  in  thermal  conductivity  is  SGL  24BC 
and  the  SGL  25BC.  These  two  materials  are  very  similar  with  respect 
to  PTFE  content  and  MPL  coatings.  The  difference  between  them  is 
that  the  25  substrate  is  reported  by  SGL  to  have  lower  areal  weight 
and  better  gas  transport  properties  than  the  24  substrate  (Table  3). 
This  could  for  instance  be  due  to  the  amount  of  binder  in  the  PTL 
substrate.  SGL  24BC  is  slightly  less  porous  and,  as  can  be  seen  from 
Table  6,  the  material  has  the  higher  thermal  conductivity.  This 
would  coincide  with  more  binder  being  present,  as  more  binder 
will  improve  the  fibre-fibre  thermal  contact  and  lower  the 
porosity.  This  demonstrates  how  a  relatively  small  material  change 
(probably  an  increase  in  the  amount  of  binder)  can  result  in  rela¬ 
tively  large  changes  in  the  through-plane  thermal  conductivity. 

3.2.3.  MPL  coated  PTL  stack  thermal  resistance 

Introducing  MPL  coatings  on  the  PTLs  creates  a  non-uniform 
structure  in  the  measured  samples.  As  a  simplification  one  can 
assume  that  the  MPL  is  attached  onto  the  PTL  substrate.  In  the 
experiment  one  can  thus  consider  having  two  MPLs  sandwiched 
between  two  PTL  substrates.  Furthermore,  these  pairs  are  placed  in 
the  apparatus  either  alone  or  in  a  stack  of  two  or  three  pairs.  Previ¬ 
ously,  we  demonstrated  that  the  PTL- PTL  substrate  contact  resistance 
is  negligible  [25],  but  the  MPL-MPL  contact  resistance  is  unknown. 

The  MPL  is  rather  soft  and  can  easily  be  scraped  off  the  PTL  and 
from  this  observation  one  may  expect  contact  resistance  to  be 
negligible  under  the  applied  pressures.  On  a  meso-level  (order  of 
10  pm)  the  MPL-MPL  and  the  PTL-PTL  interfaces  are  very  different. 
While  the  PTL  surface  side  is  very  rough  the  MPL  surface  is  very  flat 
and  smooth.  In  stacking  the  samples  as  described  it  was  noted  that  at 
the  highest  compaction  pressure  (only)  the  PTLs  adhered  each  other 
while  MPL  contacts  did  not.  This  suggests  that  the  PTLs,  when 
pressed  against  each  other  start  to  form  a  somewhat  integrated 
sample  with  contacts  similar  to  contacts  in  the  bulk  of  the  material, 
which  justifies  both  hypothesis  and  the  observation  that  PTL-PTL 
contacts  present  a  negligible  contact  resistance.  Based  on  the 
compliance  of  the  MPL  layers  under  study,  we  also  assume  in  the 
present  work  that  the  MPL-MPL  contacts  are  equally  negligible. 


Table  5 

Comparison  of  the  measured  thermal  conductivity  and  the  sample  thickness  as  function  of  ageing  time  for  the  different  24  models  at  9.3  bar  compaction  pressure.  Thickness  is 
given  by  pm  and  thermal  conductivity  by  W  K  1  rrr1.  The  numbers  are  reported  with  double  standard  deviation. 


Timeaged 

Oh 

-200  h 

-400  h 

-600  h 

-800  h 

-1000  h 

/<SGL24DA 

0.33  ±  0.02 

0.31  ±  0.02 

0.33  ±  0.01 

0.32  ±0.01 

0.32  ±  0.01 

0.33  ±  0.02 

5 

174  ±  5 

170  ±  8 

173  ±  12 

168  ±3 

172  ±  9 

175  ±  7 

a 

137  ±5 

- 

129  ±5 

- 

- 

125  ±5 

1<SGL24DC 

0.345  dh  0.001 

0.30  ±  0.03 

0.330  ±0.012 

0.38  ±  0.04 

0.313  ±  0.019 

0.32  ±  0.03 

5 

190  ±2 

185  ±  6 

192  ±  7 

192  ±  6 

181  ±  2 

186  ±9 

a 

143  ±  5a 

- 

141  ±  5a 

- 

- 

144  ±  5a 

1<SGL24BC 

0.369  ±0.018 

0.36  ±  0.06 

- 

0.38  ±  0.04 

0.36  ±  0.06 

- 

5 

214  ±  7 

217  ±  8 

- 

219  ±4 

220  ±  6 

- 

a 

143  ±  5a 

- 

141  ±  5a 

- 

- 

139  ±  5a 

a  Measurements  done  at  the  MPL  surface. 
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Table  6 

Comparison  of  the  measured  thermal  conductivity  and  the  sample  thickness  as  function  of  ageing  time  for  the  two  different  PTL  models,  24  and  25,  at  9.3  bar  compaction 
pressure.  Thickness  is  given  by  pm  and  thermal  conductivity  by  W  K-1  m-1.  The  numbers  are  reported  with  double  standard  deviation. 


Timeaged 

0  h 

-200  h 

-400  h 

-600  h 

-800  h 

-1000  h 

1<SGL24BC 

0.369  ±0.018 

0.36  ±  0.06 

- 

0.38  ±  0.04 

0.36  ±  0.06 

- 

5 

214  ±  7 

217  ±  8 

- 

219  ±4 

220  ±  6 

1<SGL25BC 

0.270  ±  0.001 

0.31  ±  0.08 

0.276  ±  0.001 

0.30  ±  0.04 

0.26  ±  0.01 

0.29  ±  0.06 

5 

194  ±9 

187  ±  6 

188  ±3 

191  ±3 

191  ±  8 

188  ±  7 

The  relation  between  the  thermal  resistance  of  the  stack  and  the 
thermal  resistance  of  its  sub-components,  i.e.  Rptl-ai,  ^ptl/mpl  and 
^mpl-mpl  is  given  by  Eq.  (4).  This  model  is  actually  a  simplification  and 
can  be  developed  further  by  accounting  for  the  fact  that  the  MPL 
intrudes  the  PTL  substrate.  To  compensate  for  this,  one  should  subtract 
for  a  fraction  of  the  resistance  of  the  PTL  (1  -/rptl)  that  penetrates  the 
MPL,  as  in  Eq.  (5).  Regardless  of  how  one  tries  to  compensate  for  this, 
the  outcome  is  that  the  PTL  substrate,  the  MPL  and  the  MPL- MPL 
contact  resistance  always  yields  two  terms,  the  contact  (Rptl-ai)  and 
the  stack.  It  is  clear  from  these  expressions  however  that  the  resistance 
is  likely  different  in  different  regions  of  the  MPL  coated  PTL,  and  that 
while  the  overall  resistance  value  will  correctly  predict  the  tempera¬ 
ture  drop  over  the  composite  material  the  temperature  gradient 
within  the  material  will  be  artificially  smoothed  by  using  a  single 
derived  value  for  the  thermal  conductivity.  While  the  reported  thermal 
conductivities  for  these  materials  are  convenient  for  comparing  to  our 
previous  results  and  to  other  published  literature,  they  must  be 
interpreted  as  effective  thermal  conductivities. 

^stack  =  2  ’  ^PTL-A1  +  2  ‘ Npair  ^PTL/MPL  +  MP^  MPL^  (4) 


^stack  =  2  -KpTL-Al  +  2  'Npair  ^(1  -/rptl)^PTL  +  ^MPL  +  MP^  MPL^ 

(5) 

3.3.  Water,  PTFE  and  thermal  conductivity  ofPTLs 

In  this  study  we  have  seen  that  an  increased  porosity  leads  to 
a  decreased  thermal  conductivity  of  dry  PTLs,  Section  3.2.2.  We 
have  also  seen  that  adding  PTFE  to  the  PTL  substrate  lowers  the 
effective  through-plane  thermal  conductivity  of  dry  PTLs,  Section 
3.2.1.  These  two  observations  are  in  agreement  with  reports 


elsewhere  in  the  literature  [25,26,29].  The  fact  that  these  properties 
do  not  significantly  change  with  ageing,  however,  is  not  supported 
by  the  NMR  and  water-PTL  contact  angle  data  or  the  literature  - 
where  it  is  suggested  that  the  PTFE  content  is  lowered  [2,5,6]  -  and 
therefore  we  initially  expected  the  thermal  conductivity  for  these 
(dry)  samples  should  increase  with  artificial  ageing. 

Returning  to  what  we  found  for  the  water  content,  contact  angle 
and  PTFE-NMR  investigation  in  relation  to  ageing  time,  the 
threshold  for  water  permeability  appears  to  lower  slightly  along 
with  the  ageing  time  while  the  thermal  conductivity  of  wet  PTLs 
appears  to  increase  —  and  in  particular  for  the  sample  with  the 
most  PTFE  (SGL  24DA).  This  suggests  that  the  PTFE,  or  at  least  small 
parts  of  it,  is  removed  during  ageing.  Other  explanations  include 
oxidation  of  the  carbon  surfaces,  or  fouling  of  the  surface  by 
hydrophilic  contaminants,  though  the  NMR  study  supports  the 
lowered  PTFE  content.  Moreover,  we  argue  that  the  PTFE  is 
primarily  removed  from  the  open  areas  away  from  the  carbon  fibre 
to  fibre  connection  regions  and  perhaps  very  small  regions  near  the 
fibre  contacts  such  that  the  amount  is  detectable  by  NMR  when 
comparing  pristine  material  and  material  aged  for  1000  h.  PTFE 
removed  from  the  fibre  surfaces  away  from  the  contacts  would  not 
be  expected  to  change  the  thermal  conductivity  to  any  significant 
degree  but  it  would  definitely  have  an  impact  on  the  contact  angle 
as  measured  by  sessile  drop  and  the  NMR  measurements.  These 
changes  result  in  more  water  entering  the  PTL  and  the  possibility  to 
bridge  fibres,  effectively  increasing  the  fibre  to  fibre  contact  area 
and  increasing  the  overall  thermal  conductivity.  Thus  the  prefer¬ 
ential  removal  of  PTFE  away  from  the  points  of  fibre  contact  can 
explain  the  relatively  unchanging  dry  thermal  conductivity  and 
simultaneously  the  increase  in  wet  thermal  conductivity. 

Fig.  7  illustrates  our  mechanistic  explanation,  where  we  depict  the 
fibre  to  fibre  connection  for  two  fibres,  two  fibres  with  PTFE  in  the 
junction  region  and  one  with  reduced  PTFE  away  from  the  contact 
point  of  the  fibre  to  fibre  intersection  (i.e.  the  PTFE  remains  in 


Two  PTL  Fibres  Two  PTL  Fibres  Two  PTL  Fibres 

With  PTFE  With  Aged  PTFE 


Fig.  7.  A  visual  comparison  of  a  possible  contact  between  two  carbon  fibres  without  binder  or  PTFE  (left)  with  PTFE  binder  (centre)  and  aged  PTFE  (right)  with  (upper  series)  and 
without  (lower  series)  residual  water. 
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between.).  Also  this  figure  suggests  how  more  water,  either  (as  illus¬ 
trated)  by  larger  local  presence  or  otherwise  (not  illustrated)  by  more 
frequent  presence,  enhances  the  thermal  energy  transport  region. 


4.  Conclusion 

In  the  present  study  it  was  found  that  heating  PTLs  (Porous 
Transport  Layer)  containing  PTFE  (Teflon)  for  up  to  1000  h  in  air 
bubbled  water  does  not  significantly  change  the  through-plane 
thermal  conductivity  for  dry  PTLs. 

This  ageing  procedure  does  however  result  in  lower  contact 
angles  (became  less  hydrophobic)  as  measured  by  sessile  drops  and 
the  PTFE  content  was  found  to  decrease.  In  response,  the  thermal 
conductivity  of  PTLs  containing  water  increased  with  ageing  time. 

It  is  our  understanding  that,  since  the  PTL  became  more 
susceptible  to  water  and  the  thermal  conductivity  of  the  dry 
materials  did  not  change,  the  PTFE  remained  in  the  carbon  fibre  to 
fibre  contact  regions  during  the  applied  ageing  procedure  and  that 
PTFE  was  removed  elsewhere  in  the  PTL. 

Measuring  the  thermal  conductivity  of  several  different  dry  PTLs 
coated  with  MPL  (Micro  Porous  Layers)  we  also  observed  that  the 
PTFE  content  in  the  substrate  is  of  greater  importance  for  the 
material  average  thermal  conductivity  than  the  addition  of  a  MPL. 
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Appendix  A.  An  example  of  a  measurement 

Measuring  SGL  DA  by  stacking  1, 3  and  5  discs  in  the  apparatus  is 
presented  in  Fig.  A.8.  Also  indicated  is  the  regression  using  micro¬ 
metre.  Converting  the  regression  coefficient  one  gets  the  reported 
thermal  conductivity  of  0.332  dh  0.018  W  K-1  m-1. 


i — , — , — . — | — . — . — . — | — * — ■ — ■ — i — * — ■ — ■ — i — - — • — ■ — i 

R(8sampie)  =  (0.00025±0. 00010) +  (0.000  003  010.000  001  5)5sample 


Fig.  A.8.  Measured  resistance  and  thickness  for  different  stacks  of  SGL  24DA.  Also 
presented  is  the  linear  regression  -  using  thickness  in  micrometre. 


Appendix  B.  Tabulated  raw  data 

In  this  Appendix  we  give  a  broader  range  of  some  of  the  data. 
The  chosen  data  sets  are  for  the  dry  and  the  wet  measurements 
using  SGL  24DA. 


Table  B.7.  Measured  thickness,  thermal  conductivity  and  double  contact  resistivity  of  SGL  24DA  with  and  without  water  at  different  compaction  pressures,  ~  295  K  and  different 
artificial  ageing  time.  Reported  errors  are  double  standard  deviations. 


Dry  Samples 

Wet  Samples 

P/bar 

<WlO_6m 

l<oh/W  K1  m  2 

2jRoh_PTL/10_4 

K 

m2 

W1 

5oh/10-6  m 

lWW  K  1  m  2 

2'^Oh_PTL/104 

K 

m2 

W1 

S% 

4.6 

190  ±  18 

0.247  ±  0.001 

4.6  ±  0.1 

112  ±  71 

0.42  ±  0.14 

5  ±4 

25±15 

9.3 

177  ±  16 

0.332  ±  0.018 

2.5  ±  1.0 

106  ±  63 

0.50  ±  0.14 

3  ±3 

28±16 

13.9 

166  ±15 

0.403  ±  0.017 

1.7  ±  0.7 

99  ±59 

0.57  ±  0.12 

2  ±  2 

30±17 

P/bar 

<52ioh/10  6  m 

k2  ioh/W  K"1  m-2 

2'*±0r/i°-4 

K 

m2 

W1 

^2ioh/^0  6  m 

fc2ioh/W  K-'  nr2 

2'R±0r/io-4 

K 

m2 

W1 

S% 

4.6 

188  ±  16 

0.23  ±  0.02 

3.4  ±  1.5 

112  ±  70 

0.51  ±  0.08 

4.2  ±  1.9 

30  ±  22 

9.3 

173  ±  16 

0.31  ±  0.02 

1.9  ±  1.0 

104  ±  62 

0.58  ±  0.02 

1.9  ±0.3 

34  ±25 

13.9 

160  ±15 

0.38  ±  0.03 

1.5  ±  1.0 

96  ±58 

0.69  ±  0.09 

1.9  ±  0.9 

37  ±  27 

PI  bar 

<54i2h/10-6  m 

fc4i2h/W  1C1  m-2 

n  pAl-PTL  / 1  n-4 
z‘K412h  /1U 

K 

m2 

W1 

^412h/^0  6  m 

fc,,2h/W  k-i  m-2 

2-^rL/io-4 

K 

m2 

W1 

S% 

4.6 

185  ±  11 

0.241  ±  0.019 

3.0  ±  2.1 

130  ±  56 

0.82  ±  0.15 

8.4  ±  1.4 

32  ±  21 

9.3 

174  ±  12 

0.331  ±  0.013 

2.1  ±  0.7 

119  ±  52 

0.85  ±  0.25 

5  ±2 

35  ±  23 

13.9 

162  ±  15 

0.397  ±  0.006 

1.4  ±  0.2 

111  ±  48 

± 

± 

39  ±26 

P/  bar 

<56ooh/10  6  m 

feooh/W  K-1  nr2 

n.pAl-PTL  /I  n-4 
Z  K600h  /  iU 

~K 

m2 

W1 

^600h/^0  6  m 

fcsooh/W  K-1  nr2 

9.  pAl-PTL  /i  n-4 
Z  K600h  /  iU 

T 

m2 

W1 

S% 

4.6 

190  ±  19 

0.246  ±  0.003 

4.0  ±  0.3 

110  ±  72 

0.47  ±  0.26 

3  ±  7 

33  ±26 

9.3 

175  ±  16 

0.319  ±  0.006 

2.0  ±  0.3 

103  ±  63 

0.58  ±  0.27 

2  ±4 

37  ±  28 

13.9 

162  ±  15 

0.382  ±  0.014 

1.2  ±0.5 

96  ±58 

0.65  ±  0.29 

1  ±3 

41  ±  31 

P/  bar 

^793h/10  6  m 

/<793h/W  K1  ITT2 

2R^l/10-4 

~K 

m2 

W1 

^793h/^0  6  m 

/<793h/W  K1  m"2 

2«L/1°-4 

~K 

m2 

W1 

S% 

4.6 

185  ±  6 

0.25  ±  0.03 

4.9  ±  2.7 

113  ±  68 

0.81  ±  0.04 

10.0  ±  0.3 

30  ±  17 

9.3 

170  ±  5 

0.320  ±  0.004 

2.2  ±  0.2 

105  ±  60 

0.94  ±  0.04 

6.8  ±  0.2 

34  ±  18 

13.9 

158  ±  6 

0.390  ±  0.003 

1.5  ±  0.1 

96  ±  55 

0.95  ±  0.04 

4.8  ±  0.2 

37  ±  20 

P/  bar 

<5iooih/10  6  m 

fciooih/W  1C1  m“2 

2  •  /?A1— PTL  /I  n-4 
Z  K1001h  / iU 

~K 

m2 

W1 

<5iooih/10-6  m 

/<iooih/W  K-1  m"2 

2  •  /?A1-PTL  /  I  n-4 
Z  K1001h  /  iU 

~K 

m2 

W1 

S% 

4.6 

180  ±5 

0.25  ±  0.02 

3.8  ±  1.5 

93  ±  1 

0.74  ±  0.78 

4  ±  6 

41  ±  17 

9.3 

167  ±6 

0.33  ±  0.02 

2.6  ±  1.3 

88  ±4 

0.88  ±  0.72 

3  ±3 

44  ±  20 

13.9 

156  ±  7 

0.39  ±  0.02 

1.7  ±  0.8 

83  ±4 

0.96  ±  0.81 

2  ±3 

47  ±  21 
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